A class of betulinic acid derivatives was synthesized to target two critical steps in the human immunodeficiency virus type 1 (HIV-1) replication cycle, entry and maturation. Each mechanism of HIV-1 inhibition is distinct from clinically available anti-HIV therapeutics. The viral determinants of the antientry and antimaturation activities are the bridging sheet of HIV-1 gp120 and the P24/p2 cleavage site, respectively.
A class of betulinic acid derivatives was synthesized to target two critical steps in the human immunodeficiency virus type 1 (HIV-1) replication cycle, entry and maturation. Each mechanism of HIV-1 inhibition is distinct from clinically available anti-HIV therapeutics. The viral determinants of the antientry and antimaturation activities are the bridging sheet of HIV-1 gp120 and the P24/p2 cleavage site, respectively.
Betulinic acid derivatives are a class of small molecules that exhibit anti-human immunodeficiency virus type 1 (anti-HIV-1) activity (6, 7, 11) . The targets of betulinic acid derivatives are varied, depending primarily on the side chain structures of the compounds (6) (Fig. 1 ). For example, betuliniyl aminooctanoylamino-3R-hydroxy-6-methylheptanoic acid (IC9564), which has a side chain at position 28 of betulinic acid, is a potent HIV-1 entry inhibitor (5) . In contrast, dimethyl-succinyl-betulinic acid (DSB), which has a side chain at position 3, exhibits potent anti-HIV activity by inhibiting the maturation of the viral progeny (4, 7). IC9564 and DSB share a five-membered betulinic acid ring structure. Based on the molecular targets and chemical structures of IC9564 and DSB, we synthesized a class of compounds possessing both of these structural features, which resulted in an anti-HIV-1 profile superior to those of IC9564 and DSB. N- [3- Synthesis and anti-HIV-1 activity of bifunctional small molecules LH15 and LH55. The protocol used to synthesize LH15 and LH55 was modified from previously described procedures (4, 12) . The antientry functional groups, leucine and aminoundecanoic acid methyl esters, were introduced into the backbone of betulinic acid at position 28. The resulting intermediates were refluxed with 2,2-dimethylsuccinic anhydride in the presence of pyridine and dimethylaminopyridine to introduce the antimaturation side chains at position 3. The final products were purified with high-performance liquid chromatography to yield LH15 and LH55.
1 H nuclear magnetic resonance with signal assignment and mass spectrometry were performed to verify the structures.
The anti-HIV activity of these compounds was evaluated with an HIV-1 infectivity assay described previously (5) . A diluted HIV-1 stock at a multiplicity of infection of 0.001 50% tissue culture infective dose per cell was used to infect MT4 cells in the presence of various concentrations of the compounds. The compounds IC9564 and DSB (4, 5) inhibit various HIV-1 isolates at submicromolar concentrations but not the protease inhibitor-resistant strain PI-R, which is less sensitive to DSB (Table 1) . LH15 and LH55, in general, are at least a log more potent than either IC9564 or DSB. The results shown in Table 1 also demonstrate that LH15 and LH55 are potent inhibitors of the multiple-protease-inhibitor-resistant strain PI-R (2) and the multiple-reverse transcriptase (RT)-inhibitorresistant strain RTI-R (10).
Inhibition of HIV-1 entry. The side chain at position 28 is critical for the antifusion activity of the betulinic acid derivatives. Betulinic acid derivatives with the same side chains as LH15 and LH55 at position 28 but without a functional side chain at position 3 exhibit antifusion activity (12) . Figure 2a shows that the potency of LH55 against NL4-3 envelope-induced membrane fusion is similar to that of IC9564 and T20. DSB, lacking a side chain at position 28, does not significantly affect the envelope-mediated membrane fusion. It has previously been demonstrated that the key determinant for IC9564 sensitivity is gp120 (5). However, the detailed mechanism of fusion inhibition remains unclear. IC9564 does not affect CD4-gp120 interaction. The binding of gp120 to CD4 and the subsequent interaction with chemokine receptors are two critical fusion events for HIV-1 entry. Thus, it is likely that the chemokine receptor interactive site on gp120 is a key determinant for the antifusion activity of IC9564.
To test this hypothesis, we chose a pair of HIV-1 strains, NLDH120 and M2-NLDH, that exhibit significant differences in the accessibility of their chemokine receptor interactive sites (15) . The two viruses differ in one amino acid at position 198 in the bridging sheet of gp120 (15) . The envelope sequences of these two viruses were cloned into an expression vector, pSRHS, and used in an envelope-mediated membrane fusion assay (5). The fusion mediated by the M2-NLDH envelope, M2-pSW120, is approximately 10-fold more sensitive to IC9564 than that of the NLDH120 envelope, pSW120 (Fig.  2b) . Since the bridging sheet is a critical structural motif in-volved in HIV-1 entry (9), the results strongly support the notion that the bridging sheet is involved in IC9564 sensitivity.
Interference with the processing of p25 resulted in an inhibition of HIV-1 maturation. Based on our previous observation that DSB does not affect the production of HIV-1 viral particles (4), we speculated that DSB treatment might lead to the production of immature viral particles that have lost infectivity. In order to test this hypothesis, HIV-1 particles produced in the presence of LH55 were lysed and analyzed using Western blots. There was an accumulation of p25 in the virus produced in the presence of LH55 (Fig. 3) . Accumulation of p25 was also observed in the virus particles produced in the presence of DSB (data not shown). The processing of p25 to p24 and p2 is the last step in sequential protease cleavage of Gag precursor into mature Gag proteins, which is critical for viral infectivity (3, 8, 13) . The unique mode of action of DSB or LH55 is that these compounds affect the processing of only p25. The processing of other Gag proteins, such as p17, is not affected by these compounds (Fig. 3) .
The key structural feature that enables LH55 and its analogs to possess the dual mode of action is the presence of both side chains at position 3 and position 28. The unique biological activity of these compounds is that they not only inhibit the viruses resistant to HIV-1 RT and protease inhibitors but also inhibit viruses that are resistant to compounds which bear the side chains only at position 3 or position 28 (data not shown). The bridging sheet of gp120 and the maturation of p24 are the critical determinants for drug sensitivity to this class of compounds. The antifusion activity of LH55 or LH15 allows the 
FIG. 2. (a) LH15
and LH55 inhibit HIV-1 entry. A fusion assay modified from a previously reported protocol (5) was used in this study. The fusions between COS cells expressing NL4-3 envelope glycoproteins and HeLa cells expressing CD4 and CXCR4 (1) were performed in the presence of the anti-HIV-1 betulinic acid derivatives and T20, as indicated in the figure. T20 is a peptide derived from gp41 of HIV-1. The fused syncytia were stained blue and enumerated as previously described (5, 15) . Each data point in the figure represents the mean of three independent experiments. (b) An amino acid in the bridging sheet of gp120 determines the sensitivity of HIV-1 to IC9564. The same fusion assay described for Fig. 2a was used for the experiments. Each data point in the figure represents the mean of three independent experiments. b IC 50 is the drug concentration required to inhibit 50% of HIV-1 replication. The highest concentration tested for these compounds was 5 M; there was no observable cytotoxicity at this concentration. The numbers in the table represent the means Ϯ the standard deviations of three independent experiments done in duplicate.
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on September 7, 2017 by guest http://aac.asm.org/ compound to block HIV-1 before it enters the cell. The virus that survives this blockage will have to face the antimaturation activity of these compounds. Since the molecular targets of these bifunctional anti-HIV betulinic acid derivatives are different from those of clinically available anti-HIV-1 drugs, it is possible that LH15, LH55, or their derivatives might have the potential to become useful additions to current anti-HIV therapy.
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